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Abstract 
Direct Monitoring and Quantification of 
Deformation Twinning in Magnesium Alloys 
 
Deformation twinning plays a dominant role in plastic deformation of hexagonal 
close-packed (hcp) polycrystalline materials. Furthermore, stain localizations were 
previously found to be related to twinning in Magnesium alloys. To date, 
experiments performed at the specimen level demonstrated the formation of strain 
localizations at locations with pronounced twin activity. The research work 
presented in this dissertation attempts to quantitatively identify correlations 
between strain localizations and twinning activity in magnesium. This is achieved 
by in-situ microstructure monitoring coupled with nondestructive evaluation 
techniques such as acoustic emission and digital image correlation. Characteristics 
of acoustic emission signals from twinning are identified through a combination of 
mechanical testing using a variety of specimens ranging from single to polycrystals 
in addition to testing both inside and outside the Scanning Electron Microscope as 
well as machine learning techniques. A novel approach to perform quasi in-situ 
cyclic loading was implemented allowing full field strain measurement as well as 
microstructure characterization at key stages of cyclic loading. Given this approach, 
the contribution of twinning in the measured plastic strain was possible to be 
  
xiv 
 
directly calculated from microstructure information during cyclic loading 
conditions. In addition, such microstructure-related plastic strain was demonstrated 
to have strong correlation with macroscopic heterogeneous strain field measured 
by digital image correlation. The experimental findings in this dissertation can 
provide key inputs to models attempting to predict deformation behavior of 
magnesium alloys using microstructural information.  
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Chapter 1: Introduction and Background 
1.1 Overview of Magnesium Alloy Processing  
Magnesium is abundant on earth from ocean, hydrosphere and the earth crust in 
various forms, making it the third most abundant metal element on earth. Being the 
12th element on the periodic table, magnesium is lighter than Aluminum and Iron. 
Despite being the lightest among the three, magnesium alloy has the highest 
specific strength as shown in Table 1. This fact has provided the opportunity in the 
automotive industry to increase the use of magnesium alloys and consequently 
reduce the car’s weight. In addition to better specific weight, the ductility of 
magnesium provides better noise and vibration dampening compared to aluminum 
[1]. 
The use of magnesium in cars has been increasing over the recent years with 
projected usage as 3 kg, 20 kg, and 50 kg for 2005, 2010, and 2015, respectively. 
Magnesium alloys have been used in engine block, steering wheel core, car seat 
frame, door inner frame, and lift gate. However, the higher price of Magnesium 
Alloys prohibited vast use of Magnesium. Most importantly, the inability to be 
formed at room temperature significantly restricted its use. Hence, high research 
interest has been raised in magnesium alloy. 
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Table 1: Different physical properties of magnesium, aluminum, and iron 
Property 
Magnesium 
(AZ31) 
Aluminum 
(A380) 
Iron 
Density @ 20 °C 
(g/cm3) 
1.74 2.70 7.86 
Tensile Strength 
(MPa) 
240 320 350 
Specific Strength 
(MPa cm3/g) 
138 119 44.5 
Melting 
Temperature (°C) 
650 660 1536 
 
Current technology barriers of magnesium alloy include its high reactivity at 
elevated temperature, lower fatigue and creep strength as well as its poor 
formability at room temperature. Due to its relatively low melting temperature, 
magnesium alloys have a higher risk of fire during machining and grinding 
processes. Such risk can be avoided by reducing fine cuts, high speed, and dull 
tools. During machining, water based lubricant should not be used since it reduces 
the salvage value and raise the fire hazard.  
Current commercial magnesium alloy is named such the two main alloy elements 
and their composition is abbreviated. For example, AZ 31 alloy is an alloy with 3% 
aluminum and 1% zinc. The composition of common magnesium alloys and their 
uses are shown in Table 2 [1]. 
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Table 2: Magnesium common alloy composition and uses 
Alloy Alloying Composition Uses 
AZ91 9.0% Al, 0.7% Zn, 0.13%Mn 
Casted, good mechanical 
properties 
AM60 6.0% Al, 0.15%Mn 
High pressure die-
casting alloy 
AZ31 3.0% Al, 1.0% Zn, 0.2% Mn Wrought alloy 
ZE41 4.2% Zn, 1.2% RE,0.7% Zr Specialist casting alloy 
 
There are two major categories of magnesium alloys depending on their 
manufacturing method: wrought and cast alloys. Magnesium alloy components are 
usually casted by high-pressure die and gravity casting with AZ91 alloys being the 
most common casted alloy among them. Rolling and extruding are the two most 
common ways of producing rods and sheets. However, magnesium alloys are quite 
hard to form at room temperature due to the available low number of deformation 
systems. According to Figure 1, at low temperature, twinning is the dominant 
deformation system while at elevated temperatures, slip becomes more dominant 
and that is why most conventional processes are performed between 230°C and 
370°C. The high temperature required means higher energy consumption during 
the manufacturing process compared to aluminum and steel forming.  
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Figure 1: Transition between slip and twinning deformation systems under 
different temperature and grain size for magnesium AZ31 alloy [2] 
During rolling process, strong texture can be observed due to the strength 
differential effect caused by the fact that the basal plane of the HCP unit cell has 
smaller deformation resistance compared to the prismatic plane, as illustrated in 
Figure 2. As a result, the c-axis of the HCP unit cell tends to align with the normal 
direction of the plate during rolling process. During extrusion of Magnesium alloys, 
the c-axis aligns with the radius in all direction of the extruded bar. Such strong 
texture from the rolling process causes plastic anisotropy and tension-compression 
asymmetry which is a characteristic of wrought magnesium alloys. 
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Figure 2: Texture evolution during rolling of magnesium plate [3] 
Another manufacturing technique has surfaced recently for manufacturing 
magnesium alloys. Specifically, Equal Channel Angular Pressing (ECAP) imposes 
large shear strains while keeping the cross section of the sample constant as it 
passes through the angular die shown in Figure 3a. It has been proven that ECAP 
has better ductility after several passes of ECAP due to grain refinement and texture 
changes as shown in Figure 3b.  
 
Figure 3: (a) fixture of ECAP of AZ31 sheet, (b) grain refinement and texture 
change after ECAP [4] 
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1.2 Deformation Twinning in Magnesium Alloys 
Magnesium is fundamentally different down to the atomic scale from both 
aluminum and steel. A hexagonal closed packed (hcp) structure (c/a=1.624) limits 
the number of easily activated slip systems. In fact, the only slip systems available 
in hcp metals are shown in Figure 4. Basal and prismatic slip can only have burgers 
vector along the <a> axis which has only 4 independent slip systems, while only 
one pyramidal slip systems can provide deformation along the <c+a> axis. 
Homogeneous plastic deformation requires 5 independent activated slip systems 
according to Von Mises criterion [5]. Even though <c+a> slip systems can provide 
up to 5 independent systems, they are hard to be activated at room temperature 
(usually two orders of magnitude higher than basal slip). In order to fulfill the Von 
Mises criterion, deformation twinning is the mechanism needed to accommodate 
<c> axis deformation at room temperature [5]. 
 
Figure 4: Slip systems available in hcp crystals [6] 
Twinning is a crystal defect which is usually defined as two crystal regions which 
are separated by a boundary acting as the mirror plane for the two regions [7]. 
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Twinning systems are defined using the twinning plane and direction. Twin plane 
is the mirror plane described earlier, while the twin direction determines the shear 
direction of twins. The particular c/a ratio of Magnesium determines the favorable 
twinning systems during magnesium deformation. Specificaly  {101̅2}〈101̅1̅〉 
twinning,  which is also called tension twinning since it provides extension along 
the c-axis, is the most commonly seen twin in hcp metals [8]. Tension twins usually 
appear as lenticular regions in Mg microstructure. A theoretical maximum 
extension provided by tension twinning is 6.4% along the c-axis which is achieved 
by complete reorientation of the lattice [9]. Another twinning system often 
observed in magnesium is {101̅1}〈101̅2̅〉  twinning, which is also called 
contraction twinning as it contracts along the c-axis. Contraction twinning is 
usually coupled with other twinning systems such as complex doubly twinned 
structures which under high local strains were observed under c-axis compression 
of single crystals. The contraction twins appear as much thinner lenticular shapes 
compared to tension twinning and they are usually around 1μm thick [10]. The 
schematics of observed twinning systems in magnesium is shown in Figure 5. In 
rolled Magnesium plate, strong basal texture generated during rolling result in 
alignment of c-axis in the normal direction, Hence, extension in the normal 
direction will result in activation of tension twinning with low stress as well as 
compression of in-plane directions [9].  
8 
 
 
 
Molecular dynamics (MD) has been utilized to understand the interaction between 
dislocations and {101̅2}  twinning to provide theoretical background of twin 
formation and its effect on mechanical behavior [11, 12]. In fact, a twin nucleation 
mechanism had been proposed using MD simulation [13, 14]. It is suggested that 
twin nucleates near grain boundaries and then propagates through grains almost 
simultaneously.   
 
Figure 5: Various twinning system present in Magnesium 
Experimentally, Beyerlein et al. had conducted a systematic statistical analysis on 
twin formation in magnesium with EBSD measurement in an effort to identify 
correlations between twin formation and microstructural features; they found that 
more and thicker twins would form in grains that have lower angle grain 
boundaries. In addition, most twin variants observed were the ones with the highest 
and second highest Schmidt factor. Twin variants formed with lower Schmidt 
factors tend to be thinner, however [15]. Khosravani used HR-EBSD techniques 
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with geometric necessary dislocation (GND) derived from electron backscattered 
patterns to study twin initiation and propagation. He claimed that dislocation- 
assisted twin formation is accompanied by high angle grain boundaries and high 
activity of slip on the other side of the boundary. He also observed that the GND of 
newly formed twins are lower than their parents [16].  Furthermore, dislocation 
transmutations forming <c+a> dislocations in twin regions have been observed 
through TEM observations [17]. 
Moreover, secondary twins have been observed in both single crystals and 
polycrystals. As shown in Figure 6, Bian showed primary and secondary {101̅2} 
twin variants during compression of single crystals [18]. Furthermore, Shi 
conducted two step compression to activate double extension twins in AZ31 
polycrystals [19]. 
 
Figure 6: Illustration of secondary twinning in single crystal compression [19] 
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1.3 State of the Art Research of Magnesium Deformation 
1.3.1 Monotonic Loading 
With intensive interest from the automotive industry and known issues related to 
forming of magnesium alloys, extensive research has been conducted in the recent 
years. Early years of research in Mg alloys focused on the fundamental deformation 
modes in magnesium single crystals. Additional slip systems (prismatic and 
pyramidal) were observed with single crystal testing at higher temperature [5, 20-
23], while deformation twinning was also observed [21, 24].  
With the advance of magnesium alloy processing, more focus has been placed on 
the mechanical properties of polycrystalline magnesium alloys. Specifically, 
mechanical anisotropy has been reported in literature where 10-18% elongation at 
room temperature can be achieved. Kleiner tested extruded AZ61 alloys in different 
specimen orientations in reference to the predominantly basal orientation plane 
[25]. Samples tested in longitudinal direction (Ψ=0) have the highest yield stress 
while samples along the transverse direction have the lowest yield stress as shown 
in Figure 7 [25].  
 
Agnew and Marya reported similar behavior in AZ31 alloys [26, 27]. Specifically, 
Agnew used AZ31 samples from both the rolling and transverse directions with 
different loading rate and different temperatures. The result can be seen in Figure 
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8 where samples of transverse direction have a higher flow stress compared to those 
of rolling direction. However, the difference is seen to be smaller when the 
temperature rises. 
 
Figure 7: Tensile stress-strain curve of extruded AZ 61 of different sample 
orientations [25] 
 
Figure 8: Flow curves of AZ31B tested at strain rate of 5x10-3 s-1 for different 
orientation samples [26] 
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Lou coupled mechanical testing, Acoustic Emission, and X-Ray texture 
measurement to better understand the evolution of microstructure and anisotropic 
strain hardening effect in magnesium AZ31B [9]. Muransky and Agnew used in-
situ neutron diffraction method and Elasto-Plastic Self-Consistent polycrystal 
modelling to understand particular mechanisms involved in plastic deformation of 
magnesium AZ 31 alloy [28, 29]. 
1.3.2 Fatigue Loading 
The plastic anisotropy is not only present in the monotonic tests, but it also produces 
an asymmetric hysteresis loop during fatigue tests. Hasegawa has shown the 
anisotropy of hysteresis in both stress and strain controlled fatigue tests of AZ31 
alloys. The representing hysteresis loops for both tests are shown in Figure 9 [30]. 
 
Figure 9: Representing hysteresis loops for stress controlled (left) and strain 
controlled (right) fatigue [30] 
Study of fatigue behavior in conjunction with in-situ neutron diffraction allows 
tracking of texture evolution during the fatigue cycle. Wu has shown that the 
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asymmetry of the observed hysteresis loop in Mg fatigue is associated with 
twinning and detwinning behavior. As shown in Figure 10, during compressive 
loading the X-ray diffraction intensity in basal plane has increased indicating twin 
behavior while the intensity drops during the tensile loading indicating detwinning 
behavior [31].  
 
Figure 10: Normalized intensity evolution of basal plane during first few cycles 
[31] 
Evidence of detwinning behavior is also observed directly through EBSD 
measurements. Specifically, Yin conducted load-controlled fatigue on a AZ31 alloy 
coupled with in-situ EBSD measurements. As shown in Figure 11 [32], large 
amount of twin formed during initial compressive loading. However, during reverse 
loading, some twins completely disappeared while some twins were considerably 
thinner [32]. 
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Figure 11: Microstructure evolution during fatigue: (a) compressive strain of 
0.5%, (b) unloading from compressive loading, (c) reverse loading to tensile 
strain of 0.7%, and (d) unloading from tensile loading [32] 
Crack initiation during fatigue loading was studied by Uematsu [33]. He proposed 
that cracks will form under 3 conditions: (1) high Schmidt factor for basal slips in 
both parent grains and twin bands, (2) Small misorientation angle between primary 
twin and secondary twin, (3) Schmidt factor for secondary twins in primary twins 
should be large. These criteria are backed by experimental observations shown in 
Figure 12 [33] where the parent grain has large Schmidt factor for slip.  
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Figure 12: Observation of small fatigue crack: (a) SEM image, (b) IPF map [33] 
1.3.3 Mg Deformation through Acoustic Emission monitoring 
Acoustic Emission (AE) is a widely used technique to investigate material 
deformation and damage detection [9, 34-38]. In deformation of metals, different 
sources of AE activity have been studied from slip [37-42], twinning [9, 37, 43, 
44], and phase transformations [45]. Deformation within the material causes stress 
waves which are recorded experimentally by AE sensors. With the development of 
mathematical model and use of pattern recognition tools such as clustering and 
neural networks, AE can be used as a diagnostic tool for charactering damage 
mechanisms without direct access at microstructures [34, 46, 47]. Hence this tool 
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can be utilized in various loading conditions to identify yielding, microstructural 
changes, and crack initiations. 
Various studies were conducted to understand twinning deformation in magnesium 
alloys [9, 44, 48-50], which showed peak of AE count rate at yield point of stress 
strain curve of monotonic loading. In Figure 13a and b, the AE count rate and stress 
strain response of two different extruded AZ31 alloys are shown. Directly and 
indirectly extruded AZ31 alloys have different microstructures as directly extruded 
AZ31 has much smaller grain size and hence not much twinning is observed during 
monotonic loading. The indirectly extruded AZ31 shows much larger AE count 
rates at the yield point of the stress strain curve [48]. 
 
Figure 13: AE count rate and stress strain curve during monotonic tensile loading 
of: (a) directly extruded AZ31 and (b) indirectly extruded AZ31; microstructure 
after test of (c) directly extruded AZ31 and (d) indirectly extruded AZ31 [48] 
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Similar with anisotropic deformation behavior Mg exhibits, the AE response is 
highly dependent on both the loading and sample direction [44, 51]. Utilizing this 
anisotropic behavior, links between twinning and AE activity were established by 
carefully study AE response with different microstructures [52, 53]. Máthis [44] 
studied AE response of Mg 35 alloy in tension and compression. The AE count rate 
of both compression and tension test is shown in Figure 14a. The AE response is 
different during two loading conditions where the count rate peaks and drops back 
near zero rapidly during compression testing. However, during tension testing, AE 
activities is intense through later strains. Microstructural studies revealed that 
extensive twinning activity was present in tensile samples while not much twinning 
activities can be seen in compressive samples shown in Figure 14b and c. 
 
Figure 14: (a) AE count rate of Mg 35 during monotonic compression and 
tension; microstructure after (b) tensile loading and (c) compressive loading [44] 
18 
 
 
 
Moreover, AE activity was shown to be asymmetrical during cyclic loading in 
different loading conditions [42, 54, 55]. Lamark [42] conducted cyclic tests on AS 
21 alloys with constant stress amplitude. The AE counts shows asymmetry where 
higher AE counts are observed during compression than that during tension. 
Moreover, AE counts rapidly decrease during early cycles which was explained as 
gradual twinning activity during early cycles. 
 
Figure 15: AE counts of cyclic tests of AS 21 alloy with different stress amplitudes 
[42] 
Pattern recognition techniques were also used to identify separable features of AE 
signals between dislocation motions and twin nucleation. [56, 57]. Using ASK 
clustering technique, AE signals can be clustered to three clusters which indicating 
noise, dislocation motions, and twinning using power spectral density (PSD) curve 
shown in Figure 16a. AE activities during cyclic loading for each cluster were then 
tracked which showed the different deformation mechanisms at different stage of 
loading shown in Figure 16b. 
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Figure 16: (a) Cluster PSD curve for different AE sources during cyclic loading, 
(b) clustered AE activity during cyclic loading [57] 
1.4 Microstructure Characterization 
1.4.1 Microscopy 
In comparison to an optical microscope which uses ambient light as source, the 
electron microscope uses high energy electron beams to achieve much higher 
magnification. On the other hand, the focusing mechanism in electron microscopes 
is very different compared to light microscopes. Light microscopes use lens while 
electron microscopes used magnets to focus the electron beam. Finally, electron 
microscopes use either secondary electron (SE) detector or backscattered electron 
(BSE) detector for imaging while optical microscope utilizes CCD cameras. 
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The name scanning electron microscope (SEM) is quite literal as SEM scan through 
field of view on the sample with electron beam while the electron intensity detected 
by detector determines the grayscale value for that pixel in the SEM image. Two 
types of electrons escape from the sample as the incident beam hits. SE escapes 
near the surface while BSE is from deeper parts of the sample as shown in Figure 
17. SE is usually used for standard SEM imaging. BSE can provide a larger contrast 
since they are emitted from deeper part of the sample and be used to determine 
crystallography of the sample. 
 
Figure 17: Interaction and emitted particles for electron microscopy [58] 
1.4.2 Electron Backscattered Diffraction 
Electron Backscatter Diffraction (EBSD) is a technique which utilizes BSE to 
determine crystal orientation in polycrystalline material. The samples are pre-tilted 
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at 70° to maximize the BSE intensity at the camera location. The configuration of 
the setup is shown in Figure 18a. The incident electron beam is inelastically 
scattered by atoms in the material and forms divergent sources of electrons. Some 
of these electrons satisfy the Bragg equation and form Kikuchi bands on the EBSD 
detectors as shown in Figure 18b. Such bands represent a specific atomic plane in 
the crystal and can be indexed with the following steps. The gathered EBSD pattern 
(Figure 18c) is analyzed through the Hough transform (Figure 18d) which converts 
lines form real space to a single point in Hough space. In Hough space, several 
Hough peaks are identified revealing the position of Kikuchi bands in real space 
(Figure 18e). A select amount of Kikuchi bands are then indexed by comparing 
angles between two of identified bands. These angles are compared with angles 
obtained from theoretical EBSD patterns to find possible solutions of representing 
crystallographic planes of Kikuchi bands. Finally, possible solutions are sorted and 
the best fit is automatically selected as shown in Figure 18f. EBSD data is collected 
in the scanning electron microscope in a “scanning” fashion as EBSD pattern is 
recorded and indexed while the SEM scans across the entire region of the sample. 
One of the most common methods for acquisition is on a hexagonal grid as SEM 
scan points on a hexagonal grid with certain step size. Crystal orientation, confident 
index and fit are recorded for each point. 
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Figure 18: EBSD working principle: (a) CCD camera and electron beam setup, 
(b) Kikuchi Band formation, (c) EBSD pattern, (d) Hough Transform, (e) Kikuchi 
band recognition, and (f) Band indexing [59] 
Crystal orientation is measured in Euler Angle (mostly Bunge Euler Angles), which 
corresponds to ZXZ convention shown in Figure 19. The Bunge Euler Angle 
represents the transformation between sample coordinates and crystal coordinates. 
The transformation matrix between the two coordinate systems is [60]: 
𝑔 = 
[
𝑐𝑜𝑠𝜑1𝑐𝑜𝑠𝜑2 − 𝑠𝑖𝑛𝜑1𝑠𝑖𝑛𝜑2𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝑔𝜑1𝑐𝑜𝑠𝜑2 + 𝑐𝑜𝑠𝜑1𝑠𝑖𝑛𝜑2𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜑2𝑠𝑖𝑛𝜙
−𝑐𝑜𝑠𝜑1𝑠𝑖𝑛𝜑2 − 𝑠𝑖𝑛𝜑1𝑐𝑜𝑠𝜑2𝑐𝑜𝑠𝜙 −𝑠𝑖𝑛𝜑1𝑠𝑖𝑛𝜑2 + 𝑐𝑜𝑠𝜑1𝑐𝑜𝑠𝜑2𝑐𝑜𝑠𝜙 𝑐𝑜𝑠𝜑2𝑠𝑖𝑛Φ
𝑠𝑖𝑛𝜑1𝑠𝑖𝑛𝜙 −𝑐𝑜𝑠𝜑1𝑠𝑖𝑛𝜙 𝑐𝑜𝑠𝜙
] 
(1.1) 
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Figure 19: Illustration of Bunge Euler angle convention 
Misorientation between two grains is usually of interest. The misorientation 
between grain A and grain B can be represented as [60]: 
Δ𝑔 = 𝑔𝐵𝑔𝐴
−1                                                (1.2) 
𝑐𝑜𝑠𝜔 =
1
2
(Δ𝑔11 + Δ𝑔22 + Δ𝑔33 − 1)                            (1.3) 
Where ω is the misorientation angle.  Moreover, tensor properties of polycrystalline 
material can also be extracted from crystallographic information. Elastic modulus 
and Schmidt factors can be represented in tensor form. Stress strain can be related 
using the generalized Hooke’s law [60]: 
𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙                                              (1.4) 
Where C is the single crystal stiffness tensor. Under symmetry condition, C can be 
simplified to a matrix representation substituting a fourth order tensor with 81 
components with a 6x6 matrix having 36 components. Specifically, for magnesium 
single crystals, the elastic tensor is shown below: 
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where 
𝐶11 = 59.4 𝐺𝑃𝑎, 𝐶12 = 25.6 𝐺𝑃𝑎, 𝐶13 = 21.4 𝐺𝑃𝑎, 𝐶44 = 16.4 𝐺𝑃𝑎   [61] 
The Schmidt law states the condition when plastic slip would occur on a slip plane 
when the local resolved shear stress on that plane reaches a critical value [62]. The 
ratio between this local resolved shear stress and the applied stress is called the 
Schmidt factor which can be determined by the angle between slip plane normal, 
the loading axis (χ) and the angle between loading axis and slip direction (φ) which 
can be seen in Figure 20. The Schmidt tensor is a tensor property of the crystal 
which is a transformation matrix between sample coordinates and the 
crystallographic coordinates. The crystal deformation and sample deformation can 
be related through equation 1.6 where (s) represents sample coordinate and (c) 
represents crystal coordinates. In addition, ?̂? is the unit vector in the slip direction 
and ?̂?  is the unit vector in slip normal direction. The symmetric part of 
transformation tensor can describe incremental strain in crystal coordinates [60].  
𝑑𝛽𝑖𝑗
(𝑐) = 𝑑𝛾(𝑠)𝑏?̂?
(𝑠)
𝑛?̂?
(𝑠)
                                        (1.6) 
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𝑚𝑖𝑗
(𝑠)
=
1
2
(𝑏?̂?
(𝑠)
𝑛?̂?
(𝑠) + 𝑏?̂?
(𝑠)
𝑛?̂?
(𝑠))                               (1.7) 
 
Figure 20:  Illustration of Schmidt factor in uniaxial loading of a crystal 
1.5 Nondestructive Evaluation Techniques 
1.5.1 Digital Image Correlation 
Digital Image Correlation (DIC) is an optical technique which measures full field 
displacement of objects. Full field strain data can be calculated using either 
Lagrangian’s or Euler’s strain tensor. A reference image is taken before the test to 
correlate with all the deformed images taken during the tests. This technique can 
be applied with dual CCD camera setup for 3D measurements, as well as single 
camera for 2D measurement.  
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Figure 21: Typical setup for 3D DIC system 
A typical 3D DIC setup and the working principle of DIC are shown in Figure 21. 
Usually a stochastic speckle pattern is applied onto the sample before the test by 
spray paint. Other techniques such as particle deposition, electron lithography and 
rubber stamping can be used at reduced length scale. The quality of speckle pattern 
can greatly influence the accuracy of DIC measurement. Particle size and particle 
coverage are important parameters for quality assessment of speckle pattern.  
 
Figure 22: Demonstration of subset in DIC [63] 
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Full field displacements are measured by correlating subsets of pixels in the 
reference image to the deformed image through cross-correlation criterion or sum 
of squared difference criterion, matching subsets by the peak of correlation 
coefficient [64]. A shape function is also implemented to accommodate shape 
changes of the reference subset. This process can be seen in Figure 22 and Figure 
23. An interpolation scheme is typically utilized to obtain subpixel displacements. 
The determination of subset size is very crucial for the accuracy of DIC since larger 
subsets will be easier correlated but provide less information, while smaller subset 
will be computationally expensive. 
 
Figure 23: Illustration of subset searching using correlation [65] 
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DIC has the advantage of full field measurements compared to conventional strain 
measurement technique such as strain gage. This allows identification of strain 
localization related to specific material properties. For example, DIC has been used 
to measure strain field around fatigue cracks in metals, providing validation to 
fracture mechanics. DIC has also been used in understanding the deformation of 
composites.  
 
Figure 24: Microscale Patterning Techniques: (a-c) Gold nanoparticle of 
different scale, and (d) Copper microgrid [66-68] 
Recently, vast development of DIC at reduced length scales provided the capability 
to understand deformation at microstructure scale. The pattern at reduced length 
scales is quite different than the speckle pattern achieved by spray painting. Several 
patterning techniques are shown in Figure 24 [66-68]. These techniques provide 
different speckle size which suits applications at different scales. For instance, 
deposition of nanoparticles can produce feature sizes of 2-250 nm. Larger speckle 
sizes can be achieved by depositing silica and copper particles.  
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Figure 25: SEM Spatial Distortion correction [69] 
Validation for DIC at microscale using electron microscopy has been conducted to 
understand the effect of spatial and drift distortion during the acquisition of SEM 
images. Specifically, Sutton proposed an algorithm to reduce such effect by 
correcting deformed images after a set of calibration is acquired. Such calibration 
is conducted by comparing images before and after rigid body motion. The 
measured spatial distortion for rigid body motion is shown in Figure 25 [69]. Such 
profile can then be applied to deformed images to correct the spatial distortion by 
SEM.  
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1.5.2 Acoustic Emission 
Acoustic Emission is a term used to denote the transient elastic waves caused by 
irreversible changes in materials. These changes cause local redistributions of stress 
that lead to release of stress waves which can be detected by sensors as 
demonstrated in Figure 26. The dominant source of irreversible changes exhibited 
in materials are plastic deformation including dislocation motion and twinning, in 
addition to other microstructural effects such as crack initiation, grain boundary 
sliding and void nucleation. The advantage of using Acoustic Emission compared 
to other nondestructive techniques is that AE is a passive technique as no signal has 
to be sent to the material to receive a response.  
 
Figure 26: Acoustic Emission source and acquisition [70] 
The AE data recorded are stored as time waveforms according to the acquisition 
parameters. When the Acoustic signals cross a certain threshold, a hit is recorded 
which has a duration which is determined by hit definition time. Hit lockout time 
is another parameter which allows a buffer between two hits during acquisition to 
31 
 
 
 
ensure storing the waveforms. Peak definition time is used to correctly recognize 
the signal peak for risetime measurement [71].  
AE waveforms can be quantitatively analyzed and visualized. During acquisition, 
one hit of AE data represents a waveform which several features can be calculated. 
The definition of amplitude, risetime, counts, energy is shown in Figure 27. The 
waveform can also be analyzed using Fourier transform where peak, median, and 
central frequency can be extracted from the frequency domain.  
 
Figure 27: Acoustic Emission waveform and feature definition [72] 
After calculating features of AE signals, AE data can be treated as matrix for further 
analysis. To determine whether material has undergone irreversible changes, 
specific characteristics of the features can be determined through clustering of AE 
data. The overall clustering process is shown in Figure 28. Several features are first 
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identified as least correlated features through dendogram. The data set is then 
normalized based on each individual features. Then a clustering method is applied 
to the data set where K-mean is the clustering method used here. 
 
Figure 28: AE clustering flow process [73] 
With a D dimensional datasets {x1, x2, x3, …, xN}, K-mean clustering is one of the 
ways used to classify the data into K number of clusters. The clustering is complete 
when the sum of squares of the distances of each point to cluster center is 
minimized. Such quantity can be seen below:  
∑ ∑ 𝑟𝑛𝑘‖𝑥𝑛 − 𝜇𝑘‖
2𝐾
𝑘=1
𝑁
𝑛=1        (1.8) 
Where 𝜇𝑘 is the vector representing center of kth cluster, and 
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𝑟𝑛𝑘 = {
1         𝑖𝑓 𝑘 = 𝑎𝑟𝑔𝑚𝑖𝑛𝑗 ‖𝑥𝑛 − 𝜇𝑗‖
2
0          𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.                                
    (1.9) 
The K-mean algorithm completes the clustering iteratively where cluster centers 
are first assigned either as first k data or randomly selected k points. Then each data 
point is assigned to the nearest cluster center through Euclidean distance. After 
every data is assigned, new cluster center for each cluster is calculated as arithmetic 
mean of all dataset in the cluster. Then the same process continues reassigning each 
data to each cluster. Finally, the cluster should converge to where the quantity 
shown in equation 1.8 is minimized.  
K-mean clustering requires prior knowledge of the data set as the number of clusters 
needs to be determined as an input parameter. To address this issue, the 
effectiveness of the clustering and the optimal number of clusters can be assessed 
with several indices, namely the R, τ, and S values. R is the Davies-Bouldin index 
[74], τ is the minimum cluster center distance divided by maximum intercluster 
distance as defined by Tou [75], while S is the Sihouette index. In general, low 
values for R and high value of τ and S are desired for the clustering to be well-
defined. 
The intercluster distance for each cluster using Euclidean distance is defined as:  
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𝑆𝑘 = (
1
𝑁
∑ ‖𝑥𝑛 − 𝜇𝑘‖
2𝑁
𝑖=1 )
1
2
              (1.10) 
The intracluster distance between two clusters i and j is defined as: 
𝑀𝑖,𝑗 = (∑ ‖𝜇𝑙,𝑖 − 𝜇𝑙,𝑗‖
2𝐷
𝑙=1 )
1
2
     (1.11) 
𝑇𝑖,𝑗 =
𝑆𝑖+𝑆𝑗
𝑀𝑖,𝑗
, 𝐷𝑖 = 𝑚𝑎𝑥𝑇𝑖,𝑗     (1.12) 
And then the Davies-Bouldin index R can be computed as: 
𝑅 =
1
𝑁
∑ 𝐷𝑖
𝑁
𝑖=1      (1.13) 
1.6 Thesis Structure  
In this thesis, important background information is given in Chapter 1 and 2 where 
Chapter 2 focuses on state of the art in strain localization research. Chapter 1 
provided state of the art on magnesium research along with background information 
on experimental techniques. Chapter 3 provides objective and hypothesis of the 
research as well as the experimental approach that would be conducted in this 
thesis.  
Chapter 4 presents identification of twin initiation with nondestructive evaluation 
techniques such AE and DIC during monotonic loading of magnesium alloy. Then 
in Chapter 5, evolution of microstructure and DIC strain measurement are directly 
compared during cyclic loading. Moreover, correlation between microstructure and 
macroscopic mechanical behavior is quantified. 
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Chapter 6 concludes the thesis by summarizing the results found during both 
monotonic and cyclic loading of magnesium alloy. And finally, future work is 
proposed to further extend the work that has been conducted in this thesis.  
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Chapter 2: Experimental Characterization and Measurements of 
Strain Localization 
While characterizing deformation behavior of polycrystalline materials, most 
materials are treated as isotropic and homogeneous which ignores microstructural 
effects. However, more and more efforts were put into studying strain localizations 
caused by microscale effects including for example dislocation pile ups and twin 
formations [76]. Strain localization may arise, for example, due to high local plastic 
strains compared to the strain exerted on material. Non-geometric induced strain 
localizations usually describe inhomogeneous plastic flow caused by anisotropy 
and heterogeneous grain structure in polycrystalline materials. Such plastic 
heterogeneity may lead to loss of ductility since damage is most likely to occur in 
strain localization regions [77-79]. Strain localization has been observed in 
experiments as well as simulated in computer models. The experimental 
observation of plastic strain localizations can feed into polycrystal homogenization 
models for verification and improvements [78]. In this chapter, an overview of 
strain localization observation and its characterization techniques is provided. 
2.1 Macroscale strain localization 
A classical macroscale strain localization occurs in Portevin-Le Chatelier (PLC) 
effect. At different temperatures and strain rates, load drop throughout the plastic 
region. This effect was first observed in Al-Cu-Mn alloy shown in Figure 29. The 
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most acceptable explanation of this effect is dynamic strain aging (DSA) caused by 
dislocation solute interaction [76, 80]. 
 
Figure 29: Original stress strain curve an Al–Cu–Mn alloy showing load 
serration, scalebar was not provided [81] 
In conventional strain and stress controlled tensile tests, load serration and strain 
jumps are indicators of PLC effect. More recently, novel techniques using optical, 
acoustic and thermal measurement tools have been used to study the spatio-
temporal properties of PLC effect [80]. Using these tools, a distinct feature of PLC 
effect can be detected as PLC bands which are local hot spot in form of a tilted band 
of either strain in optical method or temperature in thermal method. PLC band 
moves along the test sample with increasing strain and each motion of PLC band is 
accompanied by load serration in the stress strain curve.  
Several types of PLC band motion is shown in Figure 30 [82, 83]. Type A band 
propagates along the specimen continuously like wave between load grippers. This 
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type of PLC band is accompanied with random small load drop. Type B band 
propagates in direction of the sample but with larger intervals compared to type A 
band. The load serration is still irregular but larger than that of type A band. Type 
C band propagate in a random fashion throughout the gage section. However, the 
load serration accompanied by this type of PLC band is consistent with a certain 
amplitude and frequency.  
 
Figure 30: Illustration of PLC bands motion and morphology during strain 
controlled tensile tests [80] 
DIC is most common optical tool to study PLC band propagation. Zavattieri used 
DIC to provide quantitative view of spatio-temporal characteristics of PLC effect 
in austenitic TWIP steel. In Figure 31, strain rate contour map at different time is 
stacked on top of each other in time sequence to show the spatio-temporal effect of 
PLC band [84]. A type A propagation of PLC band can be clearly seen. However, 
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instead of nucleating from the gripper end of the gage section, the PLC bands in 
this case propagate from middle of the gage section. Moreover, nucleation of such 
band corresponds to load serration as indicated clearly in the figure. 
 
Figure 31: Spatio-temporal behavior of PLC band propagation along gage 
section of TWIP steel sample; initiation of PLC band corresponds to load 
serration in force vs. time and stress vs. strain curves [84] 
Other than DIC method, thermal cameras may be used to monitor temperature field 
along the test specimen. Ranc and Wagner coupled a thermal camera and an 
infrared pyrometer to monitor temperature fields with good spatial as well as 
temporal resolution. They were capable to resolve a measurement zone of 0.4 mm 
x 0.4 mm at 60 Hz. The thermograph obtain in this study is shown in Figure 32. 
This series of thermal graph correspond to propagation of on PLC band which is 
identified through load serration [83].  
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Figure 32: Consecutive thermographs of the sample showing propagation of PLC 
band [83] 
2.2 Microscale strain localization 
Other efforts have been made to link microstructural feature to strain localizations 
at micro scale, usually at grain level [85] or even sub-grain level [86]. With the 
development of microscale DIC methods either using SEM [69] or optical 
microscopes [85], strain localizations around slip lines [87] and grain boundaries 
[88]  were observed. In this section, an overview of experimental finding of strain 
localization at microscale is given. 
Carroll [85] utilized image stitching of high resolution optical microscope images 
to conduct ex-situ DIC of a relative large area with sub grain strain resolution. 
EBSD measurement of the same area was compared to DIC strain maps ahead of a 
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crack tip. The DIC strain map was overlaid with grain boundaries from EBSD data 
as shown in Figure 33a, which were aligned through the use of fiducial markers. In 
an enlarged area shown in Figure 33b, strain localization near the grain boundaries 
can be observed. The EBSD measurement of such region can also provide 
microstructural information for local deformation. 
 
Figure 33: (a) DIC strain map overlaid with grain boundaries from EBSD, (b) 
DIC strain measurement of zoomed in region, (c) EBSD of the same region [85] 
In addition, Gioacchino [87] utilized gold film remodeling to form 50 to 80 nm 
speckle size patterns. Images were acquired by SEM at 1000× magnification with 
spatial resolution of 36 nm per pixel. Nine images were stitched to form a 
300μm×300μm region. A subset of 216 nm with no subset overlap was found to 
provide the best DIC result shown in Figure 34. With such resolution, the 
deformation in this material is highly localized in form of individual bands. With 
further microstructure information, these bands align mostly with the slip system 
having the highest Schmidt factor.  
42 
 
 
 
 
Figure 34: Maximum shear strain map at: (a) 1.5% macroscopic strain, (b) 5% 
macroscopic strain [87] 
A more quantitative method to relate microstructure information to local 
deformation was proposed Padilla [89]. Compression loading on a Zirconium cube 
was conducted with microscale DIC captured by a high speed camera providing 
high spatial resolution. One test was conducted with 1.2 μm per pixel while the 
other one was conducted with 3.6 μm per pixel. The obtained maximum shear strain 
map is directly overlaid onto microstructure information in the form of a Schmidt 
factor map of prismatic and pyramidal slip systems in the through thickness sample 
shown in Figure 35. Then the two maps were correlated using Spearman rank 
correlation coefficient. In this study, there is statistically significant correlation 
between the strain map and the prismatic and pyramidal Schmidt factor map. 
However, this correlation was not observed in the in plane samples. This provided 
quantitative evidence of the relation between local texture and strain localization.  
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Figure 35: Maximum strain map overlaid with Schmidt factor map [89] 
In this context, Stinville studied microscale strain localization in a nickel Rene 
88DT superalloy [86]. A nanometer surface speckle was achieved by chemical 
etching without interfering EBSD measurement. The strain map at 2% macroscopic 
strain is shown in Figure 36. Highly localized strain band forms within the grains 
mostly parallel to the highest Schmidt factor slip system in the grain. Moreover, the 
maximum strain was observed near the annealing related twin boundaries.  
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Figure 36: (a) and (b): strain map of εxx; (c) and (d): EBSD map with slip system 
information; (e) and (f): strain map of εxy [86]  
2.3 Strain localization in magnesium alloys 
Strain localization has been also observed and investigated in magnesium alloys. 
Hazeli conducted compression tests on magnesium AZ31 alloy specimens and 
observed strain localization in the form of strain bands in the middle of the TD 
sample, as shown in Figure 37. Moreover, post mortem EBSD analysis near the 
boundaries of the strain localization band was performed to relate microstructure 
information to the inhomogeneous deformation. Interestingly, it was found that 
45 
 
 
 
intensive twin activity occurred within the strain localization band region. 
However, no twins were found outside of the localization zone which provided 
strong evidence related to the correlation between twinning and multiscale strain 
localizations [90].  
 
Figure 37: DIC strain in loading direction of magnesium compression and EBSD 
map of indicated location. [90] 
In addition, Kapan [91] observed strain heterogeneity evolution throughout a fully 
reversed fatigue cycle. DIC was conducted on two sides of the sample with a 45° 
mirror. The stress strain response and the strain maps throughout the cycle are 
shown in Figure 38. A narrow strain localization band can be observed after plateau 
46 
 
 
 
of the compression loading. The author believes such strain localization is caused 
by twinning which was observed after the plateau region. Additional bands were 
formed and existing bands grew wider with further loading. During the tensile 
loading cycle, the strain localization band slowly fades until point h on the stress 
strain curve where no significant strain localization can be observed. Point h also 
corresponds to the strain hardening region of the tensile portion of loading. The 
author believes that due to detwinning activity occurring in reverse loading, the 
strain heterogeneity caused by twin formation will decline as material switches to 
slip dominant deformation.  
 
Figure 38: (a) Stress strain behavior in reverse fatigue cycle (b) DIC strain map 
throughout the cycle on top and side of the sample [91] 
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Chapter 3: Thesis Objective and Approach 
3.1 Objective and Hypothesis 
The objective of this thesis is to quantitatively relate microstructure changes to 
macroscopic mechanical behavior of magnesium alloys. Alternatively, the strain 
contribution of twinning in early plasticity of magnesium alloys through strain 
localization is studied and quantitatively described. Linking microstructural 
characterization to material properties can assist in understanding the observed 
plastic anisotropy in magnesium and thus improve cold formability at room 
temperature. In this thesis, microstructure characterization is linked with local 
plastic strain caused by both slip and twinning. Such information is used in 
conjunction with strain maps acquired at the macroscale to better understand the 
contribution of microstructural features to multiscale strain localizations. 
As discussed in previous sections, deformation twinning plays an important role in 
the anisotropic behavior in magnesium alloys. Such anisotropy is a result of the 
relatively low CRSS of twinning and the additional plastic strain contributed by it. 
In fact, the formation of twinning is accompanied by changes in the plastic flow 
and the formation of twin boundaries. Twinning can also supplement additional 
dislocation motion by reorienting grains to orientations more favorable for 
dislocation activity which also generates interfaces of harder and softer grains, 
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resulting possibly in dislocation pile-ups in the softer grains which may cause 
additional strain localizations. These additional boundaries could also become the 
source of strain hardening and crack initiation[54]. Moreover, the spatial 
distribution of twinning activity can lead to strain gradient at the mesoscale in 
polycrystalline materials[90, 92]. As a result, twinning can drive strain localization 
at specimen level which can lead to ductile failure. Twinning is also a reversible 
process where twins can disappear after reverse loading. One would intuitively 
argue that detwinning is essentially the reversal of twinning hence the plastic strain 
produced by twinning would be reversed and the strain localization occurred due 
to twinning effect would also be reversed.  
To achieve the goals of the thesis, a detailed approach is described in the following 
section which includes mechanical testing coupled with nondestructive evaluation 
techniques and microstructural characterization. The first part of the study involves 
identification of twin formation during monotonic loading of magnesium single 
crystals via nondestructive techniques, particularly DIC and AE. These NDE 
measurements can serve as indicators for twin activity. Then these NDE indicators 
for twin activity are tracked during cyclic loading coupled with microstructure 
measurements. Finally, by combining both microstructural information and NDE 
measurements quantitative relations between macroscopic deformation and 
microstructural changes are obtained. This information can be directly used to 
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understand the deformation of a given polycrystalline magnesium alloy which can 
provide new insights in understanding plastic deformation of magnesium alloy used 
in mechanical design as well as during forming process.  
3.2 Thesis Approach 
Mechanical testing was conducted using three setups: mesoscale testing setup with 
MTS frames, mesoscale testing with micro tensile tester and in-situ microscale 
testing setup inside SEM. Mesoscale tests were conducted using a universal MTS 
hydraulic frame at ambient laboratory environment. The tests were conducted at a 
constant strain rate of 5× 10−4·s−1. 
The micro tensile tester used in the thesis is a screw-driven GATAN MTEST with 
a load cell capability of 2000 N. The in-situ experimental setup is shown in Figure 
39.  For in-situ SEM experiments this machine is mounted on a XYZ SEM chamber 
door shown in Figure 39b. The stage has a separate pre-tilted grip at 70° for in-situ 
EBSD measurements. The XYZ stage door is also equipped with Bayonet Neill-
Concelman (BNC) connector for AE pass through allowing recording of AE signals 
during in-situ loading. Figure 39a shows a sample with AE sensor glued on the 
back while mounted on the EBSD grips. This allows in-situ monitoring of AE 
signals while measuring EBSD data.  The microscale tests were performed at a 
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constant displacement rate of 0.1 mm/min. The load and displacement were 
recorded at a frequency of 10Hz. 
 
Figure 39: In-situ test setup in SEM: (a) sample with AE sensor attached with 
EBSD grips pre-tilted 70° [93] 
Microstructure characterizations were conducted in an FEI XL30 SEM. EBSD 
were taken with EDAX/TSL system under 30kV electron beam, 6 spot size with 15 
mm working distance and 100 µm aperture size. EBSD were taken in hexagonal 
grid with step size of 2 µm. All EBSD data is analyzed using MTEX software in 
MATLAB platform [94].  
The setup for mesoscale tests with the micro tensile tester is shown in Figure 40. 
The micro tensile tester is used to allow appropriately designed specimens to be 
tested while recording 3D DIC measurements. Then such specimens can be put into 
the SEM for EBSD measurements. DIC measurements were performed using a 
commercial GOM 5M dual camera system. Images were acquired at a rate of 1Hz. 
The samples were speckled using spray paint and airbrush to achieve optimal 
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speckle size. The cameras were calibrated with a 30 mm × 24 mm calibration block 
at 310 mm away with a camera angle of 25º. Such parameters can capture an image 
with 2196x1920 pixels in size having a pixel resolution of 16.7µm/pixel. 
Calibration is conducted by taking a series of images of the calibration block at 
different orientations and position to evaluate the accuracy and sensitivity of 
supposed field of view. The calibration resulted in 24.5° camera angle with a 
deviation of 0.03 pixel between the two cameras which is highly accurate. Note the 
calibration is conducted when the DIC cameras are facing forward due to the 
orientation and position needed for calibration block. After calibration, DIC 
cameras are rotated downward to face the micro tensile tester. Another quick 
calibration which only involved moving the calibration block closer or further from 
the measurement distance was conducted and the quick calibration shows similar 
camera angle and deviation. 
 
Figure 40: Mesoscale testing with micro tensile tester with DIC setup 
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Before testing, the samples with speckle pattern were mounted on the grips. LED 
light was adjusted to generate optimal contrast and reduce noise for the DIC 
measurements. After the light adjustment, five snapshots were taken before load 
for reference images and noise floor identification. Due to lack of uniform lighting 
when camera facing down, the noise in strain produced from initial set of images 
can be up to 0.15%. Also this noise can also be attributed to the fact that the DIC 
camera may not be in perfect focus after being rotated down from facing forward. 
Acoustic Emission was recorded through a multichannel PCI-2 acquisition board 
with PICO piezoelectric sensors with 2/4/6 pre-amplifiers with a uniform gain of 
40 dB all commercially available through Mistras Group Inc. The schematic of AE 
acquisition is shown in Figure 41. AE acquisition was performed per ASTM 
standard with pencil lead break test. Pencil lead break produced AE signals with 
amplitude of 100 dB. AE signals are recorded at a sampling rate of 10 million 
samples per second. Waveform parameters for AE acquisition include the hit 
definition time of 500 µs and the hit lockout time of 100 µs. The threshold is 
adjusted before every test to minimize noise. Usual threshold is set between 30 and 
40 dB. 
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Figure 41: AE acquisition schematics [95] 
The sensor used in AE acquisition was the PICO manufactured by Mistras that has 
a broad band response. Specifically, the PICO sensors used in this thesis have a 
calibration chart shown in Figure 42 which is between 200 – 1000 kHz. The PICO 
sensor has a very small circular cross section which can suit micro tensile sample 
testing. 
 
Figure 42: Calibration curve for PICO sensor and sensor dimension (mm) 
  
54 
 
 
 
Chapter 4: NDE indicators of twinning activity in magnesium 
alloy1 
4.1 Twin activity monitoring through Acoustic Emission 
4.1.1 Materials and Methods 
Two types of samples are used in this portion of the thesis. Magnesium single 
crystals were molded in a steel mold under argon described by Molodov [96]. 
Polycrystalline tensile samples with 2mm thickness were machined from cubes cut 
from a 25.4 mm thick commercial AZ31 plate using Electron Discharged 
Machining (EDM). Samples were machined in both normal direction (ND) and 
rolling direction (RD) of the plate. Before the cubes were machined, they were first 
compressed in normal direction up to 5% compressive strain to increase dislocation 
density for initiation sites of grain growth. Then the cubes were heat treated in a 
furnace at 500°C for 50h to obtain larger grains (average grain size of 100 µm). 
The geometry of the samples is shown in Figure 43.  
The tensile samples were hand polished to mirror finish for EBSD. They were first 
ground using Silicon Carbide (SiC) 800, 1200, and 2400 grit Paper. Then they were 
subsequently polished by diamond suspension alcohol based solution with (6, 3, 
                                                 
1 Mo. C. et al. Acoustic Emission of Deformation Twinning in Magnesium. 
Materials 9, No. 8:662 
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and 1 μm particle). A 0.05 µm alumina suspension is prepared to create a mirror 
like polish. Finally, the samples were immersed in an etching solution of 5% nitric 
acid, 15% acetic acid, 20% distilled water, and 60% ethanol for 3 seconds to reveal 
microstructure. The initial microstructure of the polycrystalline samples is shown 
in Figure 44. 
 
Figure 43: Sample geometry: (a) Single crystal Compression in c axis, (b) Single 
crystal Compression in d axis, (c) In-situ Mg AZ31 tensile Sample 
Single Crystal cubes were compressed at room temperature suing an MTS universal 
testing system. Speckle pattern is applied on the observing face of single crystal for 
DIC measurements. One AE sensor is attached on the back face of the single crystal 
with PCI-2 System. Polycrystalline tensile samples are tested using GATAN screw 
driven stage in SEM chamber. Two sensors were attached to the back of the sample 
with PCI-2 AE acquisition system. 
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Figure 44: Initial microstructure of ND and RD samples 
4.1.2 Single Crystal Results 
Mechanical results of single crystal compression in a-axis and c-axis are shown in 
Figure 45. The stress strain response of single crystal in two orientations are 
significantly different as a-axis single crystal has a yield strength ~ 5MPa while c-
axis single crystal has a yield strength ~ 75MPa. Moreover, load instability as large 
load drop is observed near 0.5% strain in a-axis compression. Such behavior is not 
seen in c-axis compression. It has been reported previously that dislocation-
dislocation interaction associated with Lüders band propagation can cause such 
load drop. Such load drop during single crystal testing of Magnesium was also 
reported previously [97]. 
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Figure 45: Stress strain curve of: (a) a-axis compression, (b) c-axis compression 
Strain map in the compression direction is shown in Figure 46. In a-axis 
compression, six strain maps at indicated strain values (marked in Figure 45) are 
shown. Strain localization bands are observed as early as 0.016% strain. This band 
grew longer at 0.052%. A second band is observed at 0.18% while a third band can 
be seen initiated at 0.42%. At 1.43% strain, the strain field becomes more 
homogeneous with several thick strain localization band. Finally, at 3.25% strain, 
the strain map appears almost homogeneous. On the other hand, the strain map 
shown for c-axis compression remain homogeneous without strain localization 
except near edge which can be effect of friction between compression platen and 
the sample.   
58 
 
 
 
 
Figure 46: DIC strain map of εyy at indicated strains for: (a) a-axis and (b) c-axis 
After test, EBSD maps were taken in a small region to confirm twinning formation. 
A region near the formation of second strain localization band is examined. The 
EBSD result does support formation of twins with misorientation of 86.4°. With 
microstructural evidence and limited deformation mechanisms in single crystal 
testing, it can be convinced that strain localization observed in a-axis compression 
can be corresponded to twin nucleation.  
 
Figure 47: EBSD of indicated region from strain map shown in Figure 46 
59 
 
 
 
The AE data are shown in Figure 48 as scatter plot of amplitude vs. strain when the 
AE signal was recorded. In a-axis compression, most of AE hits are near 40 to 50 
dB while outlier hits above 60 dB are observed between 0% and 0.5% strain. On 
the other hand, all AE hits of c-axis compression lies within 50 and 65 dB without 
any outliers. Moreover, two particular AE signals with very high amplitude have 
intriguing characteristics with high amplitude and peak frequency (~500 kHz) in 
agreement with previous report [52, 98] . The two identified AE signals were 
recorded at ε1 and ε4 of a-axis compression shown in Figure 45 which also is onset 
of strain localization band. Moreover, significant load drops were observed at those 
strain values. Coupling of AE data with appearance of strain localization in full 
field strain measurement and occurrence of load drop in stress strain curve, 
identified AE signals are most likely to be initiation of twinning in Mg single 
crystal.  
 
Figure 48: Acoustic emission data of: (a) a-axis compression, (b) c-axis 
compression 
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Waveforms, FFT transformation and short time FFT transformation of two 
identified signals are shown in Figure 49. Both signals are burst type signals with 
a distinct peak frequency around 500 kHz.  
 
Figure 49: Two identified AE signals related to initiation of twinning in a-axis 
compression 
4.1.3 Polycrystalline results  
The stress strain curves of Polycrystalline test of ND and RD samples are plotted 
with AE amplitude plot in Figure 58. The anisotropy of samples in both direction 
can be observed as ND sample yields around 50 MPa and RD sample has a yield 
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strength of 70 MPa. The samples were not tested to failure due to slippage occurred 
near the grips. High amplitude AE signals were observed near the yielding point 
for ND and RD samples. DIC was not performed on these sample as in-situ texture 
measurement was carried out using EBSD and the strain value corresponds to 
engineering strain computing by displacement reading from the stage. 
 
Figure 50: Stress strain curve and AE amplitude distribution of Polycrystalline 
tensile test: (a) ND, (b) RD sample 
To further compare the AE response of two samples tested monotonically, in-situ 
EBSD measurements and SEM images are taken at several strain values shown in 
Figure 51. From the IPF map from Figure 51, the sample has relative twin free 
texture with few twins possibly from thermomechanical processing. Tensile twins 
with confirmed misorientation of 86 degrees are observed at ε1. More twins 
nucleate in other grains and existing twins grow at ε2. At, ε3, some of the grains are 
fully reoriented to basal orientation. Moreover, the SEM images in Figure 52 show 
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surface extrusion at ε2 near grain boundaries and twin boundaries, which is 
observed previously [99].  
 
Figure 51: IPF map of in situ ND sample at corresponding strain value shown in 
Figure 50, tensile twin boundary is highlighted 
 
Figure 52: SEM image of in situ ND sample at corresponding strain value 
To separate specific information about AE waveform which is related to twin 
activity, more feature analysis of AE results shown in Figure 50 was performed. 
Peak frequency is frequently a feature that has been discussed for twinning AE 
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signals as Li [98] proposed they should have peak frequency around 490 kHz. In 
Figure 53a, ND sample has dominant AE signals with peak frequency in the 450-
500 kHz. Less signals in such range especially with higher amplitude are observed 
in RD samples shown in Figure 53b. This also agrees with the single crystal signals 
identified in Figure 49 which have such peak frequencies. Hence peak frequency 
is a useful feature in identifying AE signals of twin initiation. 
 
Figure 53: AE signal of In-situ ND sample test: (a) Amplitude vs. Peak Frequency 
plot, (b) AE counts and Absolute Energy histogram overlaid with Stress Strain 
curve, AE signal of In-situ RD sample test: (c) Amplitude vs. Peak Frequency 
plot, (d) AE counts and Absolute Energy histogram overlaid with Stress Strain 
curve 
Moreover, distribution of AE counts and absolute energy as a function of 
engineering strain is plotted in Figure 53b and d. The distribution of both AE counts 
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and absolute energy peak near the yield point of ND and RD sample. The peak of 
such features near the yielding point is intuitive as nucleation of twins and 
dislocations is most intensive near the yielding point. In ND samples, most AE 
signals should be attributed to twinning activity while in RD samples main source 
of AE signals should be dislocation motions since tensile twins are not favorable in 
this sample. After yielding, the AE counts and absolute energy slowly decreases. 
On the other hand, distribution of such features drops rapidly after yielding in RD 
samples. This contrast could be attributed to the different deformation mechanisms 
in these two different types of samples. In ND samples, the slow drop in AE counts 
and absolute energy can be attributed to further twin nucleation and growth after 
yielding point observed in Figure 51.  In addition, distribution of AE counts and 
absolute energy remains rather constant ~3% which is indicated by previous works 
as the end of plateau region of the stress strain curve where twin formations have 
ended. 
After identifying amplitude, peak frequency, counts and absolute energy as useful 
features to classify AE signals from twin formation, an unsupervised clustering 
method based on K-mean was performed on combined data from both ND and RD 
tests. The clustering flow process can be seen in Figure 28. The optimal 
classification is determined to be 8 with local minimum in R value and local 
maximum for τ. The clustered data is shown in Figure 54a.  
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Figure 54: (a) K-Mean clustering results based on the combined AE datasets of 
both ND and RD tests that have a Peak Frequency between 350–550 kHz; (b) 
computed R, τ and S values against number of classes;  
The number of cluster were chosen according to R, τ, and S value explained in 
Chapter 1. These values at different number of clusters are plotted in Figure 54b. 
Even though a three-class cluster appears to be the most optimal choice, it can’t 
provide unique information about twin formation. However, an eight-class 
clustering has a local minimum in R value and a local maximum in τ value. S value 
remain quite constant from four to ten clusters. Hence, eight-class cluster produces 
acceptable classification of the original data. In addition, this eight-class cluster 
resulted to two classes, class 5 and class 7. AE hits of each cluster are represented 
in term of stress and strain in these two classes only contains AE hits as scatter plot 
in Figure 55c-g. Class 5 and class 7 only contains AE hits from ND test. A 
comparison between class 5 and class 7 reveals that AE hits in class 5 have mostly 
low amplitude. Due to possible noise signals, the fact that results from Figure 53 
showing high counts of twinning AE activity, and single crystal results in Figure 
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48, it can be deducted that these AE signals in class 7 are representative of AE 
activity from twinning. 
 
Figure 55: (a–e) class 3–5 and 7–8 AE hits plotted as a projection on the ND and 
RD stress strain curves; (f) reclustered class 7 AE hits 
Further analysis of the AE hits in class 7 showed existence of both continuous and 
burst type signals. In order to separate burst type signals from the others, another 
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clustering is performed on class 7 data. Before clustering, the features of the 
waveform are recalculated with adaptive threshold method, where the threshold for 
counts are different according to the peak of each AE signal. After feature 
extraction, duration and risetime are used to cluster the data. Duration and risetime 
were chosen because of nature of burst type signal with low risetime and short 
duration after new feature extraction. The reclustered data showing only burst type 
signal is shown in Figure 55f. Most of reclustered AE hits falls within early stage 
of the deformation (< 3%). On the other hand, class 7 cumulates more counts and 
absolute energy compared to all other classes. Only class 5 has more cumulative 
counts at later stage of the test which further suggests noise is included in class 5. 
The behavior of cumulative absolute energy shown in Figure 56b agrees with result 
from Figure 53a where the distribution of cumulative absolute energy peaks near 
the yielding point and decrease sharply after yielding. The cumulative absolute 
energy of class 7 data rise quickly after yielding but increase rather slow afterwards.  
 
Figure 56: (a) cumulative AE counts and (b) absolute energy of all classes as a 
function of strain and compared with the stress–strain curve of the ND specimen. 
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The AE data contained in reclustered class 7 contains statistically significant 
information of AE activity caused by twinning. This information can be utilized in 
structure health monitoring of magnesium structures as damage precursor. Based 
on this clustered AE data as well as the single crystal AE results, characteristics of 
AE activities which are associated with twinning are summarized in Table 3. The 
clustered AE signals from polycrystalline test agrees to the two identified AE 
signals during single crystal test. In detail, identified twin AE signals are burst in 
nature with high rise and decay angle with peak frequency around 500 kHz. 
However, AE signals captured during single crystal test seems to have higher 
amplitude which is very logical since twins formed in single crystal is much larger 
than that formed in polycrystals. Twin formed in polycrystals have obstacles such 
as grain boundaries which prohibit the size of twin nucleation and hence producing 
AE signals with lower amplitude. 
Table 3: Comparison of AE features related to twinning activity in Magnesium 
AE Features 
Single 
Crystal AE 1 
Single 
Crystal AE 2 
AZ31 Twin 
Cluster (388 
hits) 
Amplitude (dB) 74 75 69 ± 6 
Rise Angle (rad) 0.721 0.724 0.91 ± 0.41 
Decay Angle (rad) 0.838 0.913 0.89 ± 0.38 
Peak Frequency (kHz) 513 484 465 ± 37 
Frequency Centroid (kHz) 417 500 502 ± 70 
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4.2 Twin activity monitoring through strain localization 
4.2.1 Materials and Methods 
Polycrystalline tensile samples with 2mm thickness were machined from cubes cut 
from a 50.8 mm thick commercial AZ31 plate using Electron Discharged 
Machining (EDM). Samples were machined in both ND and RD of the plate. The 
original plate is in H24 temper. Before the cubes were machined, the cube was first 
heat treated to O temper by 1 hour heat treatment under 350 °C. The sample 
geometry is shown in Figure 57. Initial microstructure of the sample is similar to 
what was shown in Figure 44. Samples were found to have an average grain size 
of 50 μm. Samples are tested in tension using mesoscale testing with micro tensile 
tester setup explained in Section 3.2. 
 
Figure 57: Sample dimension 
4.2.2 Results 
The stress strain curve of the AZ31 specimens in both ND and RD directions are 
shown in Figure 58a. A magnified region of the stress strain curve near the yielding 
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point is also shown in Figure 58b. DIC strain map of indicated early strain shown 
in Figure 58b for both ND (left) and RD (Right) samples are shown in Figure 58c.  
 
Figure 58: (a) Stress strain curve of ND and RD sample, (b) zoomed in stress 
strain curve, (c) DIC strain map of indicated strain value 
The same color legend is used for DIC strain maps of both ND and RD samples. It 
can be noticed strain localization became noticeable in the ND sample at very low 
strain (ε=0.202%). In contrast, at similar strain, DIC map of RD sample is much 
more homogeneous. At larger strain (ε=0.54%), the maximum strain in ND sample 
(~1.50%) is much larger than that of RD sample (~1.05%).  
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To quantify this strain inhomogeneity, a strain localization region is defined 
demonstrated by the red rectangle in Figure 58c. Average strain within that region 
is calculated and compared to the average strain across the full field of view (FOV). 
The ratio of two strain is plotted in Figure 59.  
 
Figure 59: Ratio between average strain of strain localization region and full 
FOV for ND and RD samples 
Figure 59a shows strain in the strain localization region rise relatively quickly in 
comparison to the strain in the FOV. The ratio between average strains of two 
region peak immediately up to 2.51 at ε=0.35%. However, this ratio drops quickly 
down to almost 1.00 around ε=1.5%. On the other hand, strain in the strain 
localization region rise slowly with a peak ratio of 1.68 at ε=1.12%. After the ratio 
peaks, it gradually decreases and eventually remains constant around 1.6.  
In addition, the load drops observed in the single crystal test are also observed in 
the polycrystalline test. As shown in Figure 60a, observable load drop can be seen 
at indicated locations. Moreover, time derivative of load vs. time curve is plotted 
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in Figure 60b. Large fluctuation in the derivative would occur as indicated when a 
load drop happens. Such load instability can be related to strain localization through 
standard deviation of DIC strain map which is also plotted on Figure 60b. The first 
fluctuation of time derivative of load (~48s) corresponds to rise in standard 
deviation of DIC strain map. In addition, the DIC strain map at 48s is plotted in 
Figure 60c. Local strain hot spot has formed at the location of eventual strain 
localization region as indicated in Figure 58c.  
  
Figure 60: (a) load vs. time curve between 40s and 60s, (b) derivative of load and 
standard deviation of DIC strain map, (c) DIC strain map at 48s 
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Both single crystal test and polycrystalline test support that strain localization and 
load drops happen in pair. To further strengthen this claim, an in-situ EBSD test of 
ND sample is carried out inside the SEM. The EBSD orientation map at given strain 
values can be seen in Figure 61. Twin area fraction and derivative of stress strain 
curve are plotted together with stress strain curve. It can be seen twin does nucleate 
during the plateau region and the most of them initiated between ε2 and ε3 since 
there is a big jump in twin area fraction. 
 
Figure 61: EBSD orientation map of the same region during in-situ loading (same 
legend as Figure 44) 
More interestingly, this test also revealed the relationship between twin initiation 
and strain softening of magnesium alloy. It can be observed that a minimum in the 
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derivative of stress strain curve can be observed between ε2 and ε3 where jump in 
twin fraction occurs. This suggests twin initiation causes the softening in the plateau 
region. After twin initiation is exhausted in the material, harder slip activities take 
over as the major deformation mechanisms and strain hardening starts to occur 
which happens in the later portion of the stress strain curve of ND sample.  
4.3 Summary 
In this chapter, two NDE techniques were used to find indicators of twin activity. 
Particularly, key features of AE signals obtained through monotonic loading of 
magnesium alloys were quantified through machine learning techniques in 
conjunction with clear evidences of AE signals from pure magnesium single 
crystals. Such information can be used in supervised learning live clustering to 
identify plastic deformation through twinning. Moreover, strain localization 
behavior is captured via DIC. ND sample which is favorable for twinning under 
tensile loading exhibited a diagonal strain localization band with high strain despite 
samples’ straight gage section. Additionally, formation of strain localization band 
is accompanied with load serration. After finding indicators for twin activities, 
these indicators would be tracked during cyclic loading condition in the next 
chapter.  
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Chapter 5: Evolution of NDE indicators and Microstructure 
during Cyclic Loading 
5.1 Materials and Methods 
Polycrystalline tensile samples in both ND and RD direction with 2mm thickness 
with geometry shown in Figure 62 are machined with same method mentioned in 
Section 4.2.1. Resulted from same plate and manufacturing method, the initial 
microstructure of this sample is the same as shown in Figure 44. The sample has a 
small gage section of 2mm × 5mm with a slight curvature. The design of this 
geometry is to localize the damage at the center of the gage section where 
microstructure monitoring can be conducted. DIC analysis region and EBSD region 
are also shown in Figure 62. 
 
Figure 62: Sample geometry and monitor region for DIC and EBSD 
5.2 Results 
Both ND and RD sample were pulled monotonically in tension until failure with 
full field DIC measurement. The full stress and strain curve extracted from average 
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strain of DIC measurement for both samples are shown in Figure 63a which 
corresponds well with the stress and strain curve obtained with a different geometry 
in Figure 58a.  
 
Figure 63: (a) Full stress strain of ND and RD samples in monotonic tension, (b) 
standard deviation of strain map from both samples, (c) Zoomed in region of 
stress strain curve (from 0% to 3% strain) 
The DIC strain map at indicated strain location shown in Figure 63b for both ND 
and RD sample are shown in Figure 64. Like the DIC strain map shown in Figure 
58c, a diagonal strain localization band can be observed in ND sample as early as 
0.23% DIC average train. While at the same average strain, the RD sample does 
not show any localization. After further loading, a straight strain localization band 
in the center of sample appears and become more intense at 2.5% average strain. 
This is mostly caused by the hourglass sample geometry. However, the effect of 
geometry does not impede formation of diagonal strain localization band in ND 
sample at early strain values. 
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Figure 64: Full field DIC strain map at indicated strain location in Figure 63b 
Same procedure is performed as described in Section 4.2.2 to compare the average 
strain in defined strain localization band with average strain in full field of view. 
Similar result shown in Figure 65 can be observed where the ratio between the two 
strains peaks (~1.50) quickly near yield in ND sample while the ratio in RD sample 
slowly rises and maintains near the peak value (~1.72). The peak value of the ratio 
for ND sample is smaller than that obtained in Figure 59. This could result from 
small FOV obtained here compared to the long gage section used in previous 
section. 
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Figure 65: Ratio between average strain of strain localization region and full 
FOV for ND and RD samples 
After conducting monotonic tests of these samples. A displacement controlled 
cyclic test was conducted on the ND sample with full field DIC measurement. The 
cyclic test was broken into two steps: tensile loading and compressive loading. AE 
was also recorded for both loading step with two sensors attached to the sample. 
Before testing, the sample was first polished using the same procedure as described 
in Section 4.1.1. DIC speckle pattern is then applied onto the sample. Then sample 
is loaded in tension for a displacement of 0.1 mm. After unloading from tensile 
loading, the speckle pattern is taken off by submerging the sample in acetone and 
cleaned using an ultrasonic cleaner for 5 minutes. After cleaning, the sample is put 
into SEM for EBSD measurement of region shown in Figure 62. 
Then a second speckle pattern is applied on the sample before compressive loading. 
The compressive loading was conducted under the same setup of tensile loading 
which means the setup was left undisturbed between tensile and compressive 
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loading to ensure same DIC measuring volume. Then the sample was loaded 
compressively to -0.1 mm displacement compared to original gage length. After 
compressive loading, the DIC pattern was taken off again and put in SEM for EBSD 
measurement of the same region. 
Because of separating the loading step, the DIC strain maps calculated from 
compressive step would be relative to the initial image before compressive loading. 
Since same DIC parameters were used for both loading step, the deformation stage 
of first step of compressive loading can be assumed to be same as the last loading 
stage of tensile stage. With assumptions, a correction method was developed to 
calculate true strain map during compressive loading in reference to undeformed 
image before tensile loading. The correction schematic is shown in Figure 66c. The 
strain values of every stage during both loading stage are stored in a same size 
matrix. Each data in the uncorrected strain matrix during compressive stage can be 
corrected as following: 
𝜀𝑐𝑜𝑚𝑝,𝑐𝑜𝑟𝑟 = (1 + 𝜀𝑡𝑒𝑛,𝑙𝑎𝑠𝑡 𝑠𝑡𝑎𝑔𝑒)×(1 + 𝜀𝑐𝑜𝑚𝑝,𝑢𝑛𝑐𝑜𝑟𝑟) − 1  (5.1) 
The strain map for the last stage of the compressive loading before correction is 
shown in Figure 66d and the corrected strain map for last stage of compressive 
loading is shown in Figure 66e after previously described correction method. 
80 
 
 
 
 
Figure 66: (a) Speckle pattern before tensile loading, (b) Speckle pattern before 
compressive loading, (c) Correction schematics, Strain map of last stage of 
compressive loading (d) before correction and (e) after correction 
After the application of the correction method, the full stress and strain curve of the 
cyclic test can be seen in Figure 67a. The DIC strain maps in loading direction are 
shown in Figure 68 at indicated strain locations. To validate the feasibility and 
accuracy of the correction method, an uninterrupted test with same loading 
conditions was performed. The corresponding stress and strain curve extracted 
from DIC is also shown in Figure 67a. The tensile portion of the curve from both 
tests are almost identical, while some discrepancy is observed in the compression 
part of the curve.  
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Figure 67: (a) Stress strain curve of single cycle fatigue of ND sample and (b) 
standard deviation of full field strain map during single cycle fatigue 
The uninterrupted test shows a smooth curve between the transition between 
tension and compression while the interrupted test has a kink during the first part 
of compression loading. These differences could be resulted from unloading of the 
sample from the grip for external EBSD measurement. On the other hand, the 
compression portion of the stress strain curve from uninterrupted test is slight offset 
compared to the interrupted test. It was observed that some out of plane deformation 
is detected by DIC measurement during tensile loading as well previously reported 
by literature [99]. Since the DIC pattern is reapplied onto the sample after 
deformation, this out of plane deformation was offset due to application of white 
primer. This may explain the error between strain after correction and the strain 
obtained during uninterrupted test. However, the overall shape of the stress strain 
curve is preserved which shows the correction method is a good way to estimate 
the true strain during compressive loading. 
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Figure 68: DIC strain map at indicated strain values shown in Figure 67 
The DIC strain maps in Figure 68 shows the strain localization evolution during 
single cycle fatigue loading obtained with interrupted test. Diagonal strain 
localization band first forms as shown previously in Figure 64 as early as ε1 and 
maximize at ε3. The strain in the strain localization band become smaller during 
unloading from tensile loading (ε4) as well as the initial loading of the compression 
loading (ε5). With further compressive loading, the strain localization band faded 
at ε6. But continuing compressive loading resulted in a straight strain localization 
band with compressive strain at a different location. This evolution of SLB agrees 
with recent work by Kapan [91]. 
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To supplement the strain map evolution, evolution of standard deviation of the full 
field strain map is shown in Figure 67b. The standard deviation rises sharply after 
yielding of tensile loading and peaks at ε3. The standard deviation drops during 
unloading and continue drops during initial stage of compressive loading. A sudden 
increase of deviation is observed after yielding during compressive loading. This 
could be caused by the elastic relaxation due to interruption of loading. The 
standard deviation reaches a local minimum at ε6 where the fading strain 
localization band was observed. After reaching minimum, the standard deviation 
continues to rise with further compressive loading as another strain localization 
band was observed. 
After further observation, the point where the standard deviation reaches minimum 
when strain localization band faded (ε6) is near the inflection point on the 
compressive loading. The inflection point on the stress and strain curve corresponds 
a change between softening caused by detwinning and hardening through activation 
of harder non-basal slip or compressive twinning mechanisms [100]. It can be 
inferred that the disappearance of strain localization is coupled with detwinning 
behavior while reappearance of strain localization is coupled with dislocation 
motion. Additionally, the type of strain localization due to tensile loading is similar 
to the type discovered in monotonic tensile loading of ND sample, while the strain 
localization reappeared with high compressive strain resemble the strain 
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localization band observed in monotonic tension of RD sample. This suggests strain 
localization is sensitive to the microstructure and its deformation mechanisms. 
The AE results of the cyclic test can further support previous claim which is shown 
in Figure 69. The amplitude vs. time plot is shown in Figure 69a where similar AE 
shape is seen during tension compared to monotonic results shown in Figure 50a. 
High amplitude (~80 dB) AE signals prospers immediately after yielding. Few AE 
signals were picked up during unloading from tensile loading. During initial 
compressive loading, low amplitude AE signals (~60 dB) were recorded until a 
point when large amplitude AE signals burst again. It was observed previously that 
AE emission during compression portion of fatigue loading is quieter compared to 
the tensile portion [54].  
AE activity over the stress strain curve is shown in Figure 69b where AE count rate 
is plotted with full cycle stress strain curve. The AE count rate rises sharply after 
yielding and then decrease sharply and remain consistent during the plateau region. 
This result agrees to the experimental results previously obtained shown in Figure 
53a. During compressive loading, the AE count rate rises quickly and then decrease 
near zero. However, AE activity picked up slowly with further compressive loading 
until the compressive peak of the loading. Again, with careful observation, the rise 
of AE activity during compressive loading appear to happen after the inflection 
point of the stress strain curve which indicates change of deformation mechanisms.  
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Figure 69: (a) AE amplitude plot during cyclic loading, (b) behavior of AE count 
rate with stress train curve during cyclic loading, (c) behavior of AE count rate 
with stress and time derivative of stress 
This can be further confirmed in Figure 69c where, the AE count rate and the stress 
are plotted against time with the time derivative of stress. The low AE activity 
region lays exactly with the local minimum of first derivative of stress which 
corresponds to inflection point. AE provided another tool to identify the evolution 
of microstructure and its relationship with deformation behavior. 
Based on previous results trying to relate measurements from NDE observations 
with deformation behavior, microstructural information evolution need to be 
investigated to provide evidence for previous observations. Specifically, another 
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test was performed in-situ to monitor the temporal evolution of microstructure 
under same loading conditions. This test was conducted without DIC speckle 
pattern to allow in-situ EBSD measurement in SEM. The sample was loaded to 
certain displacement and held at that displacement during EBSD acquisition for 20 
mins of EBSD data acquisition. Since no DIC measurements were taken, the strain 
at each displacement was interpolated from previous test data. A smaller region of 
600μm × 600μm in the center of the sample was monitored throughout cyclic 
loading. Small and insignificant load drops were observed during EBSD 
acquisition. The IPF map of EBSD at indicated strain values are shown in Figure 
70 with PF of {0001} plane shown as well.  
During tensile loading, small number of twins formed after yielding at ε1. At tensile 
peak (ε2), intensive twinning is observed throughout the monitored region. These 
twins still exist after unloading of tensile loading. During compression loading, 
detwinning activity is observed. At ε4 some twins were thinned while other twins 
were completely detwinned. At ε5 complete detwinning is observed as no twins can 
be observed in the field of the view. After further compressive loading to the 
compressive peak (ε6), no microstructural changes can be observed. This evolution 
of microstructure can also be visualized as twin area fraction. Twin area fraction 
increases during tensile loading and decreases to near zero during compression 
loading. With careful observation, just like the strain localization evolution during 
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cyclic loading, complete detwinning also happens at a strain near the inflection 
point of stress and strain curve. This finding further supports that the microstructure 
is detwinning at the point where strain localizations are no longer as severe.  
 
Figure 70: IPF map (same legend as Figure 44) with twin boundary and PF of 
{0001} plane (legend shown on right) at indicated strains on the hysteresis loop 
of applied cycle fatigue 
After measuring time evolution of strain heterogeneity, AE activity, and 
microstructure, an approach is developed to correlate microstructural information 
with strain to achieve the ultimate goal of obtaining twin contribution of strain in 
the strain localization observed previously. The microstructure information after 
each loading step is shown in Figure 71. After tensile loading, large amount of twin 
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which is confirmed by misorientation of near 86°. The misorientation map is shown 
in Figure 71c and d. The bright yellow boundaries are twin boundaries as indicated 
by their misorientation angle. After compressive loading, the amount of twin 
boundary largely reduced indicating that detwinning has occurred during 
compressive loading. 
 
Figure 71: EBSD IPF map of indicated region: (a) after tensile loading and (b) 
after compressive loading (same legend as Figure 44), grain boundary 
misorientation map: (c) after tensile loading and (d) after compressive loading 
With microstructural information after each loading step, an attempt to quantify 
distribution of twinning to strain localization was made. A schematic to relate twin 
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distribution and Schmidt factor with strain was developed and shown in Figure 72. 
In crystal system, incremental strain from twin defect can be described as [60]: 
𝑑𝜀 = 𝑑𝛾𝑡 ∙ 𝑚                    (5.2) 
Since twin formation in a grain is almost instantaneous and usually across the entire 
grain, a homogenous simple shear can replace the differential form [60] and hence 
the strain contribution from twin can be calculated as: 
𝜀𝑡 = 𝑓𝑡 ∙ 𝛾𝑡 ∙ 𝑚          (5.3) 
Where 𝑓𝑡  is the area fraction of twins, 𝛾𝑡  is the characteristic shear strain of 
twinning which is 0.129 for tensile twins [101] and 𝑚 is the Schmidt factor for 
twinning. This formulation can be used to construct a twin contribution strain 
contour map with grain averaging method (Figure 72d) which can be used to 
quantitatively compare with DIC measured strain. To construct such contour, 
subset region within the microstructure information was first defined like DIC 
subsets with subset size and subset step size. And a twin contribution strain can be 
calculated with grain average values and assigned to each subset. To ensure direct 
comparison, the same values are used here as the DIC subset dimension. An 
example of the subset is shown in Figure 72a. Within the subset, average value of 
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Schmidt factor mentioned in Equation 5.2 is calculated with area weight as 
following [60]: 
〈𝑚〉 = ∑ 𝑚𝑔𝑤𝑔𝑔            (5.4) 
Where 𝑤𝑔 = 𝐴𝑔/𝐴 is the area fraction of each grain. Only grains with positive 
Schmidt factor (shown in Figure 72b) were averaged across the subset region 
because the grains with negative Schmidt factor are the twin grains which are the 
result of the twin deformation. The twin contribution strain is resulted from 
deformation of original grain which has positive Schmidt factor for twining. The 
area fraction of twin (shown in Figure 72c) is also computed as average in the 
subset. Hence the twin contribution strain can be computed for each subset and 
form a contour map as shown in Figure 72d. 
Twin contribution strain contour maps were computed with microstructural 
information obtained after tensile and compressive loading. The twin contribution 
strain contours were overlaid with DIC strain map of same region shown in Figure 
73. After tensile loading, maximum twin contribution strain of 0.5% is observed. 
The twin contribution strain contour shows similar hotspot region on the left side 
of the region while low strain is observed at the right side. 
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Figure 72: (a) Microstructural information in IPF map and subset definition. (b) 
Schmidt factor map of the subset, (c) twinned grain within the subset, and (d) 
computed twin contribution strain contour map 
However, after compressive loading, the twin contribution strain contour shows 
negligible strain with maximum of 0.03%. This results from the detwinning activity 
happened after reverse loading. Hence twin fraction drops significantly compared 
to that after tensile loading. 
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Figure 73: Twin contribution strain overlaid on DIC strain map: (a) after tensile 
loading and (b) after compressive loading 
To quantitatively compare the two contour map, Spearman coefficient is used to 
compare two data sets with unknown probability distribution function [89]. The 
Spearman coefficient between two same dimension data sets can be calculated as: 
𝑟𝑠 =
∑ ∑ (𝐴𝑚𝑛−?̅?)(𝐵𝑚𝑛−?̅?)𝑛𝑚
√(∑ ∑ (𝐴𝑚𝑛−?̅?)2)𝑛𝑚 (∑ ∑ (𝐵𝑚𝑛−?̅?)2)𝑛𝑚
   (5.5)  
Where data in A and B are ranks of data in DIC strain data and twin contribution 
strain data. This coefficient ranges between 0 and 1 where 0 represents no 
correlation and 1 means perfect correlation. And a P value which can indicated the 
significance of the correlation value is also computed. If P is less than 0.001, this 
would indicate the correlation value is valid and the coefficient does represent the 
wellness of correlation between DIC strain and twin contribution strain. 
By correlating the dataset shown in Figure 73a which is after tensile loading, a 
correlation coefficient of 0.50 was obtained with an extremely low P value (1.53e-
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6). The correlation coefficient is high which shows good correlation compared to 
other literature that has used this method [89]. The corresponding correlation for 
datasets after compressive loading yielding a correlation coefficient of 0.18 which 
is much lower than that after tensile loading. More importantly, the P value is 
extremely high (0.11) which indicates that this correlation is not statistically 
significant. 
5.3 Summary 
In this chapter, a displacement controlled cyclic test was conducted with DIC and 
AE measurements as well as microstructure evolution during cyclic loading. 
Quantitative measure of twin strain contribution is calculated through 
crystallographic information from microstructure characterization. Moreover, the 
twin contribution strain shows strong correlation with macroscopic strain field 
measured by DIC. This result further supports the claimed made in previous chapter 
that twinning is related to strain heterogeneity formed in magnesium alloy. 
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Chapter 6: Conclusion and Future Work 
Understanding mechanical behavior of magnesium alloys is essential to properly 
process magnesium and form parts which can be utilized in the automotive and 
aerospace industry. In this study, tensile twinning was studied specifically in the 
deformation of AZ31 alloys at room temperature. The mechanical anisotropy of 
rolled AZ31 sheets were studied via Nondestructive evaluation methods such as 
DIC and AE. Through multiple testing of both polycrystalline and single crystal 
magnesium, characteristics of AE signals produced by twin nucleation were 
identified. They should have large counts and energy as well as being burst type 
signals with peak frequency around 500 kHz. Such information can be utilized with 
a supervised cluster approach for structure health monitoring of magnesium 
structures and even act as a detection mechanism during forming process.  
Moreover, strain localization is another characteristic during deformation of 
magnesium alloy. Onset of strain localization bands is observed with twin 
formation during monotonic tensile loading of twin favorable samples. Such strain 
heterogeneity is confirmed to relate with twinning through microstructure studies. 
In comparison to sample which were unfavorable for twinning, the strain 
localization bands observed show very large strain (~2x of average FOV strain) in 
the early stage of the monotonic loading. Additionally, initiation of strain 
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localization band is coupled with onset of plastic instability in form of load drops 
which can be caused by twin formation.  
Such effect of microstructural deformation to the strain localization observed at the 
sample level is quantified in terms of twin contribution strain. This strain is 
calculated only with microstructural information after deformation with twin 
distribution and Schmidt factor. However, this twin contribution strain map shows 
strong statistical correlation with the computed DIC strain map. The evolution of 
strain localization is also measured through cyclic loading and it shows decrease of 
strain heterogeneity during reverse loading. With in-situ EBSD measurements, 
such evolution in strain heterogeneity can be related to the evolution of 
microstructure due to twinning and detwinning.  
The results presented in this thesis further assist in relating microstructure with 
macroscopic mechanical behavior of magnesium alloys. Twinning is found to have 
profound effect on the deformation behavior of magnesium alloys causing strain 
heterogeneities which is also a potential source of failure. 
In future investigations, models integrating the presented microstructural 
information can be constructed to simulate such strain heterogeneity formed during 
cyclic loading conditions. Such models can help predict the mechanical response 
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of a given microstructure and hence contribute to the understanding of the 
deformation behavior. 
Experimentally, the evolution of strain localization during multiple cycles of 
loading can be conducted. Residual twins were found to be present with increasing 
fatigue cycle. Thus it would be interesting both from a local plasticity as well as 
from a damage point of view to investigate the residual strain heterogeneity with 
additional fatigue cycles.   
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